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Introduction

L

In the early theories of the meteor process, the meteoroid was con-
gidered to be a solld body (6pik 1937). Observations of photographic
meteors (Jacchia 1955) showed that the meteoroid was not a solid object,
but wes & loose coilglomeration of fragments that were shed continuously
as the meteoroid penetrated the atmosphere. Progress has been made to-
wards developing a new theory of the meteor process to allow for frag-
mentation (apik 1958), but the problem is complex. A typical meteor
detected with a Super-Schmidt camera, visual magnitude +3, has a density
of 0.4 gm cm-3. During the luminous flight many thousands of fragments
are shed and the total light and ionizatlion produced is the sum of the
contributions fron 8ll of these independent fragments. Some of the

Super-Schmidt meteors, particularly those of low velocity and faint

magnitude, suffered total fragmentation on meeting air resistance.
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The meteorold completely disintegrated at the commencement of its luminous
path and produced & cluster of independent particles. The crushing
strength of this muterial is lOu dynes cm—2, or approximately one third

of a pound per square inch (McCrosky 1955). There are many ob Jects
amongst the very bi‘ight meteors that are solid pleces of stone and iron.
The obJects that pr-oduce fireballs are asteroidal fragments, whereas
meteors with magni:udes between -5 and 45 are the debris ejected from
comets. For example, a fireball as bright as the moon, visual magnitude
-12, has a 95 perc:nt probability of being a solid fragment (Hawkins 1959).
However, fireballs of this brightness are a rarity and are not related to
the average meteor. A progressive change therefore occurs in the physical
characteristics of meteors as one goes from the brighter to the fainter
objects. It is of interest to extend the observations to the regime of
very faint meteors. This paper describes measurements that have been

made by the Radio Meteor Project to a 1imiting visual magnitude of +10.

Observational Date

A six-statior. radar system has been operated at Havana, Illinois,
at a frequency of 40.92 mcs (Hawkins 1963). The Fresnel pattern of the
meteor is measurec. with a digitized film viewer, and the data are proces-
sed by a 7090 IBM Digital machine. The system measures veloclty with a
precision of aboul * % km sec-l, and the electron density is measured
along the trall al six positions or less. The total ionization is cal-
culated by integrating the ionization curve, and the magnitude of the
meteor 1s derived from the theoretical ionizing efficiency (Lazarus and

Hawkins 1963). Te mass of an individual meteor may have an uncertainty



of a factor of 2, largely because of uncertainty in the position of the
meteor trail within the antenna pattern. There may also be a systematic
error in all masses tecause of the present uncertainty in the ionizing
effictency. It should be moted that the adopted luminous efficiency
gives a meteor of zero visual magnitude a mass of 1 gm (whipple 1963),
and the ionizing efficiency gives a mass of 5 gm for the same meteor.

It is impossible to reduce this discrepancy without experimental deter-
minations of the ionizing efficiency, and at the present time there may
be a systematic error of approximately a factor of five in the mass scale
of either method.

Approximately 3,500 meteors have been observed and reduced with the
equipment. Under certain restrictive conditions it is possible to
measure the height o' some of these meteors. When the radiant of the
meteor 1s in such a position that the meteor trail 1s aligned with the
direction of the transmitting antenna, then the echo line (Clegg 1948)
passes through the antenna pattern at almost constant altitude. This
geometry is illustraed in Fig. 1 where the sensitivity contours of the
transmitting antenna are shown, together with a locus of possible echoing
points for given zenlith angles of the radiant. Since the zenith angle
of the radiant is measured by the system, the altitude of the echo point
ig known and the heizht can be determined from a knowledge of the range.
The estimated error in this height determination is * 4 km, accurate

enough for statistical purposes.



The physical daia for 327 meteors are 1%sted in Table 1. The sample
represents all meteors for which heights could be obtained during the
period from November 1961 to March 1962. Apart from the radiant selection
mentioned in the prerious section, these meteors are a random sample.

Most of the meteors do not belong to the major streams, and Gemiﬁid,
Quadrantid and other stream meteors are merked in the Table. The time
of appearance of the meteor is given in C.S.T.

The maximum magaitude was derived from the maximum electron line

density Brax per metzr by use of the relation

Moy = o - 2.5 log, Iy (1)

This magnitude corresponds approximately to the visual magnitude of the
meteor, although to be precise it must be called a radio magnitude. We
may convert to visuel magnitude by adding a small correction, &M, which
may be called a velccity index (Hawkins 1956). A revised value (McKinley

1961) of the velocity index is given in Table 2.
Table 2
Ve .ocity Index (Visual = Radio + Index)
v km sec - 10 20 30 40 50 60

Tndex 1.5 -0.7 -0.3 0.0 +40.2 0.4

It can be seen that the two magnitude scales coincide at a velocity of

40 km/sec.



The original maes of the meteor, mg, has been determined from the

relgtion

m_=1.86 X 107 Q v'3'lL (2)

where Q 1s the total number of electrons in the trail, v is the mean
velocity of the meteor in km sec_1 and the mass 1s given in gm.

The density given in Table 1 must be regarded as a nominal density,
because it is impossible to determine the original density of the
meteoroid before totial fragmentation occurred. This nominal density has
been obtained by applying the drag equation, on the assumption that the

meteoroid is a singl: body and that the product Ta =1.0;

f—

o 3/2 -3

o = [Pe T (3)

m T;T_ 2
The deceleration v is in units of km sec-g, and Da is the atmospheric
density correspondirg to the mean height of the trail. The nominal
density must not be taken as that of the meteoroid before entering the
atmosphere since there 1s no quantitative connection between these values.
The nominal density, however, is a useful parameter for estimating the
number and size of the fragments produced by the meteoroid. If we assume
that the meteor breaks up into N identical fragments of density OO, then

a re-examination of equation (3) shows that

PO 2
2 ()
m

N =



If one assumes that the fragments are spherical with radius s then the

radius 1s given by tle expression

s =0.62 mml/3 pm2/3 o h. (5)

(o]

In fact, the fragments will be unequal in size and only the larger ones
will be observed. BHence, N is a lower limit to the number of fragments,

and s is an upper limit to the average radius.

The quantity 0 1s the deceleration parameter used in photographic

studies of meteors. It is defined by the relation

o=— (6)

and in the single bocy theory it is equal to A/2 I'(, where A 1s the
heatetransfer coefficient, I 1s the drag coefficient, and { is the
energy required to atlate one gm of the meteoroid. In the single body
theory, O 1s easy to evaluate from known physical constants. For most
materials the wvalue is close to 10-12 cgs units. For a meteoroid that
is shedding fragments or breaking up,the deceleration parameter does not
have such a clear meening, but it is a useful quantity for studying the
behavior of the metecroid.

An appropriate ionization curve could be deduced for a majority of
the meteors in the ssmple. The "beginning" and "end" heights of these
meteors are the extrspolated heights at which the ionization was jusp
detectable, and the "maximum" heights are at the maxima of the lonization

curves. The "beginning" height adopted for a meteor without an adequate



jonization curve is 0.8 km above the highest point detected in the
Fresnel patterns, and the "end" height {g 0.8 km below the lowest point
detected. The value 0.8 km is equal to 0.4 of the average spacing be-
tween the echo points from two adjoining stations. The adopted "maximum"
height for these meteors ig the mean of the beginning and the end.

The height of neteors 1is tabulated ag a function of velocity and
magnitude in Table ;. The blanks in the table, of course, represent
velocity and magnitude classes for which no meteors were observed.
Table 4 gives the arerage heights for all but seven of the meteors as a
function of the measured velocity. These seven meteors were observed
with low (25 km) transmitter power, and are omitted from Table b in

order to have a mor: homogeneous sample.

Table U4

Height as a function of velocity

v 10-15 15-20 2C-25 25-30 30-35 35-40 LO-U5 L45-50 50-55 55-60 km/sec
Hpog 88.8 94.0 9C.6 93.5 95.3 96.5 10l.2 98.5 93.6 95.8
Hmax 84.7 90.3 8.7 89.2 91.0 92.3 97.1 94.9 90.k 91.8
ond 81.7 86.7 8.1 85.3 87.0 88.3 92.6 90.8 87.6 88.0
nean 85.2 90.3 8.8 89.3 O9lL.1 g2.4 97.0 9.7 90.5 91.9
Number 2 9 39 68 100 68 21 9 2 2

In these tables the data for shower meteors have been included
because we could detect no dlfference between the data for stream and

for sporadic meteor’s.



Of the 327 meteors, T8 show decelerations that are less than two
thirds of their standard errors. These meteors represent, in general,
pocr quality observations and have been re jected from fhé deceleration
analysis. 1In Table 5 we give the deceleration parameter, O , and the
nominal density, pm, for various classes of velocity and magnitude.
Finally, in Table 6 we give the deceleration, - v, as a function of

velocity.

Discussion
From the foregcing data we have derived the following approximate

correlations for height, deceleration, deceleration parameter and nominal

density:
H on =91 * 18 log, (v/30) - 2.7 (M - 8.5) (7)
log,, vl =1.2 + 1.9 log,, (v/30) +0.15 (M__ - 8.5) (8)
log,,0 = -11.6 - 2.2 log , (v/30) - 0.2 (M__ - 8.5) (9)
log P = -1.3 - 1.2 log (v/30) + 0.1:(Mmalx - 8.5) (10)
log, P = -1.42 + 0.07 (10g10 m_ + 2.5) . (11)

The velocity is in units of km sec_1 and Mmax is a radio magnitude.

The most significant result in these correlations is that in equation
(7), the dependence cf mean height on magnitude. The theoretical relation-
ship between H and v depends upon the ionizing probability B. If the
value for B is taken from Lazarus and Hawkins (1963) and used in the

single body theory, then equation (7-26) of McKinley (1961) becomes



= + + 1. .
Hoo constant + 41 log,, v 1.8 Moox (12)

For the present purpose the difference between Hmean and Hmax may be
ignored and we may compare equations (7) and (12) directly. The experi-
mental values clearly differ considerably from the_predictions of the
single body theory. In particular, the height is found to depend less
strongly on velocity as indicated by the theory. The height decreases
for fainter meteors instead of increasing as the theory predicts.

Tt is interesting to note that we can interpret the observational
data in terms of the deceleration parameter O, and the nominal density
Dm, both of which are related to the physical characteristics of the
meteors. If O and Pm are treated as variables, then one must add extra

terms to equation (12). This equation becomes

= + 4+1. - .
H oo constant + 41 log, oV 1.8 Mmax + 12 log, @ 8 log, 4P (13)

If we now substitite the observed correlations as given by equations
(9) and (10) into the theoretical equation (13), then the height-velocity

relationship becones

ooy = constant + 24 log 4V - 1.4 Mo (1k4)

This equation is :n fair agreement with equation (7), and shows that the
theory must be poaified to account for the differences in physical

characteristics oi' meteors as & function of velocity and magnitude.



The mean heigits measured in this program may be compared with those
obtained from similar radio echo observations. Evans (1955) has deter-
mined the height of meteors as a function of wvelocity, using a double
antenna system whizh permitted the measurement of the angle of elevation
of the echo point. The mean characteristic helghts determined by Evans
are represented by the line in Figure 2. The characteristic helght 1s
the height correctzd so as to apply to the point of maximum ionization
of the faintest meteor detected by his equipment. It is closely com-
parable to the "mean" height quoted in this experiment. The limiting
magnitude of Evan's equipment was +6.5, some three magnitudes brighter
than that of the Radio Meteor Project. The two sets of observations
are in fair agreement, but neither is consistant with the curve cor-
responding to the single body theory. This discrepancy is accounted
for in terms of the physical characteristics of the meteors as shown in
the derivation of equation (1k).

That the height of faint meteors are ammelous s shown furtter In Figure 3,
where the height ¢f maximum ionization (or maximum light) is plotted as
a function of magritude. The photographic meteors tend to follow the
single body theory remarkably well, but at magnitude +3, meteors begin
to penetrate the stmosphere to greater depths than the theory predicts.
The results of the Radio Meteor Project have been divided into two
groups having mean magnitudes of 48.7 and +9.3, respectively. At these
faint magnitudes the meteor trails are some 10 km lower than the expected

height. This anorialous behavior is indeed fortunate for radar programs,

-10=



for if the trails were occurring at the predicted heights, then the echoes
would be distortel by the effects of diffusion in the atmosphere. The
height anomaly 1s the primary cause of the high quality Fresnel patterns
obtained in the Radio Meteor Project. The height anomaly also minimizes
the selection effects which would otherwise be introduced by the diffusion
ceiling.

The helght-negnitde curve in Figure 3 can be interpreted in the
following manner. Bright meteors continuously shed fragments during
their passage through the atmosphere and thus behave to some extent as
a single body. The larger meteoroids are extremely fraglile and particles
are dislodged at an early stage in the trajectory. On the other hand,
the fainter meteors at magnitude 49 do not shed fragments, but disinte-
grate completely at the beginning of the trajectory. Super-Schmidt
meteors at magnitiude +3 represent a transition region where some of the
meteors are showing total fragmentation at the beginning of the traljectory.
This may be due to the fact that the meteoroids are so small that the
shedding of a layer of fragments 1s tantamount to break-up of the body.
The majority of the faint radio meteors show total fragmentation, as
will be shown in the discussion of . These meteors occur at approxi-
mately the same height as the Super-Schmidt meteors and therefore exhibit
the same crushing strength. There are indications, however, that the
crushing strenéth may lncrease élightly for the small obJects, because
the mean helght of meteors at magnitude +9 is approximately 1 km lower

than meteors at +8.
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Further confirmation of our interpretation of the physical
characteristics of neteors is given by the deceleration parameter O.
The correlation shown in equation (9) is weak, but it ‘indicates that O
reaches the value fcr a single body at the 1imiting magnitude of the
present equipment. At a velocity of 30 km sec-l, for example, T = 10-12
at a magnitude of +10.5. At this point we are presumably dealing either
with a single particle or with a cluster of independent particles.

We can distinguish between a cluster and a single particle by
referring to the noninal demsity Dm. In every group, the average density
is considerably less than that for a solid fragment of stone or iron.

We may take P_ = 2.5, while the average value of log,n P is ~1.42 es giveﬂ
by equation (11). 'fhe average number of particles is then given by
equation (4) as app-oximately 4,000. The average radius s 1s given by
equation (5) and is 4O microns. The mass of an individual fragment is
approximately 10-6 m.

It is surprisiag to note that the number of fragments is almést
independent of the mass of the meteoroid in the radio meteor sample.
Equation (11) shows only a slight correlation between the nominal
density and the mass of the meteoroid. Thus, it seems that several
thou-and fragments are observed whether the meteor is large or small.
This may indicate that the fragments produced by disinﬁegration of a
meteoroid are unequal in size. If there is a size distribution amongst
the fragments then 1t 1s conceivable that the observations will detect
about a thousand of the largest fragments and that there may be many

more smaller fragments that are not contributing to the total ionization.



There are also indications that the high velocity meteors are smashed
more thoroughly then slow meteors. Equation (lO) shows that pm decreases

with velocity and hence that the number of fragments, N, increases as v2.

-13-
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